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A Ag nanostructure was put forward in this paper. There are two types of Ag nanoparticles, spherical
and pyramidal particles. Both of them have the same period, but different height and shapes. The
hybrid nanoparticles can produce the localized surface plasmon resonance LSPR, which couples
each other and leads to an extra peak transmission. Our UV-visible-IR spectrophotometer
measurement results show that some extra small and sharp peaks appear besides the normal LSPR
wave peaks in the transmittance spectrum. The hybrid Ag nanoparticles being used as nanosensors
will be more sensitive and selective than the conventional LSPR-based nanosensors. © 2007
American Institute of Physics. DOI: 10.1063/1.2654596
INTRODUCTION
Biosensor is an active research topic in both life sciences
and engineering. It involves the interdisciplinary areas of life
sciences and information sciences with bioinformatics, bio-
chip, biocybernetics, bionics, and biocomputer. Their com-
mon characteristics are exploring and opening out the basic
rules of the production, storage, transmission, process, tran-
sition, and control of the information in the biological sys-
tems, and discussing the basic methods which are employed
for the human economy activity. The biosensor related re-
search focuses on combination of the sensors and the diver-
sified biological active materials as well as their relevant
applications.
The research of the biosensors originated from the
1960s. Hicks and Updike fabricated the biosensor, dextrose
enzyme pole, in 1966.1 Up to the 1970s, the research domain
of the biosensors emerged. After that, the biosensor-based
research, e.g., enzyme sensor, flourished gradually. Now the
research highlights in nucleic acid sensor, DNA chip, immu-
nosensor, enzyme sensor, tissue sensor, and full cell sensor.
More recently, the localized surface plasmon resonance
LSPR nanosensor becomes a hot spot due to their unique
characteristics and potential market in the life sciences.2–6
The LSPR nanosensor can be implemented through ex-
tremely simple, small, light, robust, low cost equipment. It
has many advantages such as convenience, high sensitivity,
wide application, real-time detection, etc. Thus it is deemed
to be a type of highly potential biosensor. In this paper, we
present a Ag nanostructure which has two layers of Ag nano-
particles. Being used as a biosensor, it is more sensitive and
selective than the reported LSPR-based nanosensors.
Optical properties of the metal nanoparticles mainly de-
pend on their size, shape, metal composition, and refractive
index of the surrounding materials. Previous research has
shown that the LSPR-based nanosensor is a refractive index-
based sensing device which relies on the extraordinary opti-
cal properties of noble metal e.g., Ag, Au, and Cu
nanoparticles.6–10 The Ag nanoparticles endow the device
with an excellent optical characteristic, especially the peak of
transmittance spectrum max, which is unexpectedly sensitive
to the size, shape, and local external dielectric environment
of the nanoparticles. A fundamental concept of developing a
type of nanoscale affinity biochemosensors was established
on the basis of the sensitivity of the metal nanoparticles to
the nanoenvironment.
DESIGN THEORY OF THE HYBRID NANOPARTICLES
A local surface plasma wave LSPW will be excited
when the incident photon frequency is resonant with the col-
lective oscillation of the conduction electrons and is known
as the LSPR. The LSPR spectrum is the connection curve
between the incident wavelength and the transmittance. The
LSPR spectrum peaks are sensitive to the electric mediums
on the surface of metal. Using this characteristic, we can
fabricate the LSPR-based biosensor. The characteristic and
functioning mechanism of our LSPR biochemosensor is that
using a layer of inorganic pastern to change the refractive
index of the medium surrounding the nanoparticles. We mea-
sured the variation of the refractive index of the medium so
as to know the effect on the optical property of the nanosen-
sor. Our design is that using two Ag layers for the symmetric
nanostructure. The two layers have the same period but dif-
ferent height and shape. One is the pyramidal Ag particles
hexagonal distributed on the glass substrates, and the other is
the spherical calotte Ag particles triangularly distributed on
the glass substrates. We call it hybrid Ag nanoparticles here-
inafter. Normally, there is only a layer of pyramidal silver
structure distributed hexagonally on the glass substrates, as
shown in Fig. 1. Our structure is a hybrid structure combin-
ing the silver spherical calotte with the pyramidal particles
together instead of the conventional Ag nanoparticles only. It
cannot only produce the LSPR wave with the enlarged areal
density of the Ag nanoparticles, but also couple and modu-
late the LSPR wave between the pyramidal Ag particles and
the spherical Ag particles. The coupling in vertical direction
acts as a resonant cavity in this case. Theoretically, it is syn-aElectronic mail: cldu@ioe.ac.cn
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thesis of the interaction of the in-plane horizontal small
pyramidal particles and the out-of-plane vertical coupling.
According to the structure model shown in Fig. 1b, this
type of net-distributed Ag particles can excite the LSPR. The
hexagonal distributed microstructures can also excite the
LSPR. Both of them have the same period, and thus can be
approximately simplified as a metal grating with a 260 nm
period. The wave vector of the LSPR can be expressed as11,12
ksp = k0 md
m + d
, 1
where d is the dielectric constant of the surrounding me-
dium, k0 the wave vector of the incident wave, and m the
dielectric constant of metal that is relevant to incident wave-
length . Normally, for the wave vector condition
ksp = k0 md
m + d
 k0, 2
the LSPR excitation condition is not satisfied in this case.
Therefore, we use the periodic metal microstructures with
the following wave vector expression:13
kx = k0x ±
2

= k0 sin  ±
2

, 3
where k0x is the x direction wave vector which the wave
vector of the incident beam is parallel to the substrate sur-
face,  the incident angle, and  the grating period. Trans-
mission of the normal incident beam will be measured for
our structures, so =0° here.
Let Eq. 1 equal to Eq. 2, the LSPR can be excited
because momentum conservation condition is satisfied in this
case.
After rededucing, we get
 = real md
m + d
= real nm2nd2
nm
2 + nd
2 . 4
In Eq. 4, for air nd=1, and for polymers with different
refraction index, nd=1.5 and 1.8. The left side of the equa-
tion is a function of wavelength, and the right part nm is
relevant to the incident wavelength . Thus this is a transcen-
dental equation. Its numerical solution can be derived from
plotting. The crossing point of plotting for the left and right
parts of the equation is the position of the LSPR resonant
peak, as shown in Fig. 2. In order to find theoretical value,
we calculated the position of the resonant peak using the data
which are cited from Ref. 14. Wavelength range from
300 to 800 nm is taken for our experiments.
In Fig. 2, curves a, b, and c can be expressed as y
=realnm2nd2 / nm2+nd2; nd=1, 1.5, and 1.8 correspond to
curves a, b, and c, respectively. d line expression is y=. It
can be known from the crossing point that the positions of
resonant peak for the cases of nd=1, 1.5, and 1.8 are a
=338.4 nm, b=348.5 nm, and c=364.8 nm, respectively.
FABRICATION
The optical nanochemosensor is made by depositing
metal Ag nanoparticles on the glass substrates. Thermal
evaporation was employed with a collimated source normal
to the substrate. Materials with different refractive indices
were coated on the substrate. This is a powerful fabrication
technique that inexpensively produces nanoparticle arrays
with controlled shape, size, and spacing of the particles. The
process can be divided into three steps: cleaning glass sub-
strates first; then carve some microstructures on the glass
substrate. Both of them were bonded together with glass sub-
strates. After that, a metal or other material is deposited us-
ing the techniques of thermal evaporation, electron beam
deposition, or pulsed laser deposition, from a collimated
source with normal incident angle to the substrate through
the nanosphere mask to a controlled mass thickness. Figure 3
shows the fabrication process of the nanoparticle.
FIG. 1. Color online Schematic diagram of the Ag nanoparticles. a Top
view of the particles; b cross-section view along diagonal direction with
dimension of the spherical and pyramidal particles.
FIG. 2. Curves obtained from solving the transcendental Eq. 4. The reso-
nant peak position is derived by plotting the two left and right parts of the
equation for the crossing point.
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We measured the surface modality of the samples using
atomic force microscopy AFM as shown in Fig. 4. The
diameter of nanostructure on the glass substrate microsemi-
sphere is 260 nm, as shown in Fig. 1, and the height of the
Ag nanoparticles is 30 nm. It can be seen that there are two
types of Ag nanoparticles.
The results show that in-plane width is 260 nm and
out-of-plane height is 290 nm for the spherical calotte Ag
particles; in-plane width is 100 nm and out-of-plane height
is 30 nm for the pyramidal Ag nanoparticles. They have
the same period, but different shapes and height. These
samples were coated with 30 nm thickness of Ag film. They
are measured under the normal room temperature.
EXPERIMENTAL SETUP
In order to investigate the sensor characteristics of this
type of chemosensors, we measured its transmittance spec-
troscopy. These spectra are captured by a scanning UV-
visible-IR spectrophotometer. Figure 5 shows a schematic
diagram of this experimental setup. UV-visible-IR transmit-
tance spectrum was employed using white light which trans-
mitted through a multimode optical fiber. The light exiting
from the source with fiber coupler is focused onto the sample
using a collimating lens. The light transmitted through the
sample was collected with an identical focus lens which is
attached to the multimode fiber. A charge-coupled device
CCD camera was connected with the multimode fiber and
personal computer. The transmittance spectrum curve is di-
rectly shown on the screen of the computer. There are three
steps for the measurement: the first step was to confirm the
scale of the incident wavelength, which is ranging from
300 to 800 nm; and adjust the UV-visible-IR transmittance;
second, to scan the background optics without samples in the
sample holder; and last, to put the sample to the holder and
scan, the samples vertical to the incident optics. Using an
UV-visible-IR spectrophotometer can make the test simple,
because the transmittance spectra were directly shown on the
screen of the computer, there is no need for further data
treatment.
Microscopic exhibition shows the existence of two wave
peaks in the transmittance spectrum. One is the conventional
wide peaks of the spectrum, and the other is the narrow parts
of the spectrum. The uniqueness of our structure presents
two aspects: first, there are two layers of Ag nanoparticles,
both of them can produce the LSPR wave, in which they
couple each other and generate a smooth transmittance line;
the other is that this nanostructure can be used as the sub-
strate for biological samples, the biological molecules can be
easily connected with the structure, and the detective effi-
ciency can be highly improved accordingly. Therefore, it can
be employed to improve the sensitivity of the nanobiosensor.
In the sensing experiments, a type of inorganic pastern
comprise silicic and titanic oxide sol was coated on the
metal with pastern’s refractive indices of 1.5 and 1.8, respec-
tively. Then it forms a type of chemosensors which is sensi-
tive to the index change of the Ag nanoparticles.
RESULTS AND DISCUSSIONS
In order to study the sensor characteristics of the
chemosensors, we measured its transmittance spectroscopy.
The transmittance spectroscopy is changed when different
index materials are coated on the surface of the Ag nanopar-
FIG. 3. Color online Flow chart of the nanoparticle fabrication process. a
Glass substrates are cleaned, b sculpting some microstructures on the glass
substrates, and c Ag is vapor deposited onto the sample surface.
FIG. 4. Color online The surface topography of hybrid metallic nanopar-
ticles taken by an atomic force microscope AFM.
FIG. 5. Schematic diagram of the scanning UV-visible-IR spectrophotom-
eter used for measurement of the transmittance of the Ag nanoparticles.
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ticles. The incident wavelength is ranging from
300 to 800 nm. In this experiment, the LSPR resonant peak
also called absorption peak of the Ag nanoparticles was
monitored after each functioning see Fig. 6. First, the
LSPR a of the Ag nanoparticles was measured to be 338 nm
see Fig. 6, curve a. Then Ag nanoparticle sample is pre-
pared for sensing experiments. After that, inorganic pastern
was rotated and coated on the Ag nanoparticles. The refrac-
tive index of the inorganic pastern is 1.5. The LSPR b after
pastern attachment see Fig. 6, curve b was measured to be
344.87 nm, corresponding to an additional 10.92 nm red-
shift; hereinafter, the sign “” represents a redshift and the
sign “” for a blueshift, with respect to the Ag nanopar-
ticles. In order to know the influence of different refractive
index materials around the Ag nanoparticles on the transmit-
tance spectrum of the Ag nanoparticles, inorganic pastern
which refractive index of 1.8 was spin coated on the Ag
nanoparticles. After this function, the LSPR c see Fig. 6,
curve c was measured to be 361.06 nm, corresponding to
a+18.68 nm shift. It should be noted that different refractive
index materials around the Ag nanoparticles have produced
different transmittance spectrum shifts. The larger the refrac-
tive index, the larger peak transmission shift and bandwidth
of the LSPR spectrum are, as shown in Fig. 6. This effect of
enhancing the plasmon absorption by using a higher dielec-
tric constant surrounding medium forms the basis of what is
known as immersion spectroscopy.15
In contrast, we listed the measured values and theoreti-
cally calculated values in Table I. It can be seen that the
experimental results fit to the theoretical values within the
acceptable tolerance. It illustrates that the resonant peak ex-
ists at the measured position of the absorption peak and the
experimental data are reliable. Since the hybrid metal struc-
ture which is composed of two types of nanoprofiles has a
definite period and it will generate a resonant peak caused by
LSPR that is corresponding to the period, the theoretical cal-
culation can be used to design a proper structure in the wave-
length range of 300–800 nm. Well, we basically believe that
the two transmission peaks shown in Fig. 6 are mainly
caused by the coupling effect coming from different sizes
and separated gaps of the two nanoparticles in one period. It
is believed that the transmission peaks can be further modi-
fied through parameter adjustment of the hybrid structures. It
is obvious that using hybrid nanosructures as nanobiosensors
will have a higher sensitivity and selectivity for biosample
detecting and sensing compared to the traditional LSPR
method which has a single type of Ag nanoparticles only.
CONCLUSIONS
We have developed a nanostructure with hybrid Ag
nanoparticles. It can be used as the chemosensors. We mea-
sured the transmittance spectrum of the hybrid nanoparticles,
and found that it is extraordinarily sensitive and selective
because of the coupling effect between the two types of Ag
nanoparticles. The transmittance spectrum has an extra sharp
and smaller wave peak. In addition, compared with the con-
ventional nanoparticles fabricated using sputtering, deposi-
tion, and chemical methods,12–15 our hybrid nanoparticles
have the advantages of controllable dimension, density, and
uniformity.
It is reasonable to believe that the structure is possible to
be used as a nanobiosensor. Biological molecules will be
easily attached to the nanostructure. As the transmittance
spectrum has a sharp and smaller wave peak, its sensitivity
can be improved greatly.
ACKNOWLEDGMENTS
This work was sponsored by the innovation funding of
the Chinese Academy of Sciences, 973 Program of Chi-
naNo. 2006CB302900 and the Chinese Nature Science
Grant 60507014, 60678035, and 60528003. The authors
would like to acknowledge their colleagues L. L. Yang,
Chenggang Hu, and Huan Yang, for their contributions to
this work.
1G. P. Hicks and S. J. Updike, Anal. Chem. 38, 726 1966.
2S. Link. and M. El-Sayed, J. Phys. Chem. B 103, 8410 1999.
3K. L. Kelly, E. Coronado, L. L. Zhao, and G. C. Schatz, J. Phys. Chem. B
107, 668 2003.
4S. Link and M. A. El-Sayed, Annu. Rev. Phys. Chem. 54, 331 2003.
5J. B. Jackson and N. J. Halas, J. Phys. Chem. B 105, 2743 2001.
6M. D. Malinsky, K. L. Kelly, G. C. Schatz, and R. P. Van Duyne, J. Am.
Chem. Soc. 123, 1471 2001.
FIG. 6. Transmission of the Ag nanoparticles surrounding with different
refractive index materials. The left narrow peaks are extra peak transmission
generated from the hybrid particles.
TABLE I. Comparison of the absorption peak location between experimen-
tal results and calculated value.
Absorption peak location Expt. nm Calc. nm
Ea 338 338.4
Eb 344.87 348.50
Ec 361.06 364.8
064701-4 Zhu et al. J. Appl. Phys. 101, 064701 2007
Downloaded 20 Mar 2007 to 211.95.162.172. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
7A. J. Haes and R. P. Van Duyne, J. Am. Chem. Soc. 124, 10596 2002.
8A. J. Haes and R. P. Van Duyne, Laser Focus World 39, 153 2003.
9J. C. Riboh, A. J. Haes, A. D. McFarland, C. R. Yonzon, and R. P. Van
Duyne, J. Phys. Chem. B 107, 1772 2003.
10A. J. Haes, S. Zou, G. C. Schatz, and R. P. Van Duyne, J. Phys. Chem. B
108, 109 2004.
11H. Raether, Surface Plasmons on Smooth and Rough Surfaces and On
Gratings Springer-Verlag, Berlin, 1998.
12H. E. D. Bruijn, B. S. F. Altenburg, R. P. H. Kooyman, and J. Greve, Opt.
Commun. 82, 425 1991.
13H. Raether, Surface Plasmons Springer-Verlag, Berlin, 1988, p. 353.
14E. D. Palik, Handbook of Optical Constants of Solids Academic, New
York, 1985.
15N. Paras Prasad, Nanophotonics Wiley Interscience, New York, 2004,
Chap. 5.
064701-5 Zhu et al. J. Appl. Phys. 101, 064701 2007
Downloaded 20 Mar 2007 to 211.95.162.172. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
